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Mitotically Stable Association of Polycomb Group
Proteins Eed and Enx1 with the Inactive
X Chromosome in Trophoblast Stem Cells
lated at 3.5 days post coitum (dpc), and TS cell lines
were derived as described by Tanaka et al. [11]. Initially,
we derived three cell lines. PCR analysis using primers
for the X- and Y-linked Ube1X and Ube1Y1 loci was
carried out to determine the sex chromosome constitu-
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MRC Clinical Sciences Centre tion of cell lines, and an Xist polymorphism between PGK
strain and laboratory strain mice was used to confirm theICSM
Hammersmith Hospital presence of two X chromosomes in putative XX cell lines
(data not shown). Two TS cell lines (A2 and B1) wereDuCane Road
London W12 0NN XX, and a single cell line (B7) was XY.
To determine X inactivation patterns in XX TS cells,United Kingdom
3 Swammerdam Institute for Life Sciences we first analyzed expression of the Xist gene by RNA
FISH. The results demonstrated that Xist RNA in B1 XXUniversity of Amsterdam
Plantage Muidergracht 12 TS cells localizes to a single nuclear domain (Figure 1A).
This pattern is indistinguishable from what is seen in1018 TV Amsterdam
The Netherlands other differentiated XX cell types (for example, see [3]).
Allele-specific single-nucleotide primer extension (SNuPE)
analysis demonstrated that Xist expression in the B1 XX
TS cell line is predominantly from the Xp allele, whereasSummary
expression of the X-linked Pgk-1 gene is exclusively
from the Xm allele (Figures 1B and 1C). A low level ofX inactivation in female mammals is one of the best
Xm Xist expression was detected in these experiments,studied examples of heritable gene silencing and pro-
although, as stated above, this does not lead to silencingvides an important model for studying maintenance
of the Xm Pgk-1 allele (Figure 1C). A possible explana-of patterns of gene expression during differentiation
tion is that repression of Xm Xist is not rigidly maintainedand development [1]. The process is initiated by a cis-
in TS cell cultures. Similar data were obtained for theacting RNA, the X inactive specific transcript (Xist).
second XX TS cell line, A2 (data not shown). TakenXist RNA is thought to recruit silencing complexes
together, these results demonstrate that XX TS cellsto the inactive X, which then serve to establish and
have undergone paternally imprinted X inactivation.maintain the inactive state in all subsequent cell divi-
The embryonic ectoderm development (Eed) proteinsions [2–4]. Most lineages undergo random X inacti-
is the mouse homolog of the Drosophila melanogastervation, there being an equal probability of either the
Polycomb group protein extra sex combs [12]. A recentmaternally (Xm) or paternally (Xp) inherited X chromo-
study demonstrated that mice homozygous for muta-some being inactivated in a given cell [5]. In the extra-
tions in the eed gene fail to maintain imprinted X inactiva-embryonic trophectoderm and primitive endoderm lin-
tion in the trophectoderm lineage [8]. Formally, thiseages of mouse embryos, however, there is imprinted
could be due to a direct interaction of Eed protein withX inactivation of Xp [6]. This process is also Xist depen-
the inactive X or an indirect effect on a gene productdent [7]. A recent study has shown that imprinted X
required for maintenance of X inactivation. To investi-inactivation in trophectoderm is not maintained in em-
gate this, we carried out immunofluorescence analysisbryonic ectoderm development (eed) mutant mice [8].
on TS cells, using a rabbit polyclonal antibody raisedHere we show that Eed and a second Polycomb group
against human EED protein. As illustrated in Figure 2A,protein, Enx1, are directly localized to the inactive X
the analysis revealed a single large focus of Eed proteinchromosome in XX trophoblast stem (TS) cells. The
in the nucleus of XX TS cells but not in XY TS cellsassociation of Eed/Enx1 complexes is mitotically sta-
(compare Figures 2A and 2B). This finding provides indi-ble, suggesting a mechanism for the maintenance of
rect evidence that Eed protein is recruited to the inactiveimprinted X inactivation in these cells.
X chromosome in TS cells. It should be noted that there
is a more generalized Eed protein localization compris-
Results and Discussion ing small foci or diffuse signal, both in XX and XY TS
cells (see Figures 2A and 2B). This latter pattern has
We established trophoblast stem (TS) cell lines from been observed in lymphocytes and in other cell types
mouse blastocysts to provide an in vitro model system to (J.B., unpublished data).
analyze imprinted X chromosome inactivation. Crosses The Eed protein (or its direct homolog in other species)
were set up between (C57Bl6CBA)F1 females and PGK has been shown to be present in a complex with a
strain males. The use of PGK strain allows predefined second Polycomb group protein, Enx1 (Enx1 is the
polymorphisms on the X chromosome to be used to mouse homolog of the enhancer of Zeste protein in D.
distinguish maternal (Xm) and paternal (Xp) alleles of melanogaster [13, 14]). We therefore went on to analyze
selected X-linked genes [9, 10]. Blastocysts were iso- TS cells with an Enx1-specific rabbit polyclonal anti-
body. Again, we observed a single large focus in XX TS
cells (Figure 2C). To test if the Eed and Enx1 signals4 Correspondence: neil.brockdorff@csc.mrc.ac.uk
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Figure 1. X Inactivation in TS Cells
(A) Detection of Xist RNA (green) in B1 XX TS cells by FISH using pEFB probe. DNA was counterstained with DAPI.
(B) Illustration of SNuPE analysis of Xist and Pgk-1 loci in B1 XX TS cells. SNuPE reactions were carried out on PCR products for Xist and
Pgk-1 loci using primers specific for cDNA (RNA). Genomic DNA from (PGK129)F1 female animals (DNA) provided a control. Duplicate
loadings of labeled primer from reactions specific for maternal and paternal alleles are shown.
(C) Quantitation of SNuPE data shown in (B), illustrating percentage of signal corresponding to maternal and paternal alleles. The data were
normalized relative to control SNuPE reactions from the (PGK129)F1 female genomic DNA.
Figure 2. Localization of Polycomb Group
Proteins Eed and Enx1 in TS Cells
(A) Indirect immunofluorescence on XX TS
cells using antisera to Eed protein. Illustrated
are DNA counterstaining with DAPI (left), FITC
detection of Eed protein (center), and merged
image (right).
(B) Analysis of B7 XY TS cells as in (A) above.
(C) Indirect immunofluorescence on XX TS
cells using antisera to Enx1. Panels as in (A)
and (B) above.
(D) Double labeling of Eed and Enx1 in XX TS
cells. Illustrated are Texas red detection of
the Eed mouse monoclonal antibody (left) and
FITC detection of antibody to Enx1 (center).
The merged image (right) includes DAPI DNA
counterstain.
(E) Immuno-FISH labeling of Xist RNA and
Enx1 protein in XX TS cells. Illustrated are
Texas red detection of Xist RNA with pEFB
probe (left) and FITC detection of antibody
to Enx1 protein (center). The merged image
(right) also shows DAPI DNA counterstain.
Current Biology
1018
Figure 3. X Chromosomal Localization of Eed/Enx1 Proteins during Mitosis in TS Cells
(A–C) Indirect immunofluorescence of Eed (green) and Enx1 (red) at different stages of mitosis, as indicated. DNA is counterstained with DAPI
(blue).
(D) High-resolution images of metaphase X chromosomes showing examples of the inactive X chromosome localization pattern for Eed protein.
The ideogram to the left illustrates the Giemsa banding pattern for the mouse X chromosome. Arrowheads indicate exclusion of Eed from
the Giemsa dark pericentric heterochromatin band A1 and from regions correlating with the location of the major Giemsa-dark bands C and
E. For comparison, an example of Xist RNA localization is shown on the right. Eed and Xist RNA are detected with FITC (green), and DNA is
counterstained with DAPI.
colocalize, we carried out double-labeling experiments teins. Examples are shown in Figure 3. Staining of a
distinct chromosome was seen at prophase (Figure 3A)with Enx1 polyclonal antiserum and a mouse mono-
clonal antibody specific for Eed protein. The result, illus- and at metaphase (Figure 3B). The example shown in
Figure 3A is of a tetraploid cell in which there are twotrated in Figure 2D, demonstrated clear colocalization
of the large nuclear foci for Eed and Enx1 proteins. inactive X chromosomes (increased ploidy occurs rela-
tively frequently in TS cell cultures, as a consequenceTo prove that Eed/Enx1 proteins are localized to the
inactive X chromosome, we carried out a double-label- of endoreduplication which occurs when TS cells differ-
entiate into trophoblast giant cells [11]). The localizationing experiment detecting Enx1 protein and Xist RNA.
The result, illustrated in Figure 2E, demonstrates that of Eed/Enx1 complexes on the inactive X is retained on
individual sister chromatids at anaphase and at telo-the large nuclear focus of Enx1 proteins does indeed
correspond to the inactive X chromosome. Thus, Eed/ phase (Figure 3C). As genetic studies demonstrate a
requirement for Eed protein in the maintenance of XEnx1 complexes are associated with the inactive X chro-
mosome in XX TS cells. inactivation in trophectoderm cells [11], this observation
provides a first clear example of retention of PolycombIn the course of analyzing the XX TS cells, we observed
that the Eed/Enx1 signal on the inactive X chromosome group proteins at known target loci throughout mitosis.
The examples shown in Figures 3A–3C illustrate thatis retained at mitosis. We examined this more carefully,
identifying a number of cells in different stages of mitosis Eed/Enx1 proteins are distributed in a nonlinear banded
localization rather than homogeneously over the entireand then assessing localization of Eed and Enx1 pro-
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length of the chromosome. This pattern is highly repro- results demonstrate that Eed/Enx1 complexes remain
bound to the inactive X chromosome throughout mitosisducible and is similar to the banded localization of Xist
RNA observed previously [15]. To investigate this fur- in TS cells, indicating, in this situation at least, that
heritability may be achieved by a direct mechanism. Itther, we obtained high-resolution images of Eed local-
ization on metaphase chromosomes (Figure 3D). As pre- is however possible that an indirect effect also plays a
role. The Enx1 protein contains a SET domain, a motifviously reported for Xist RNA, Eed appears to be
excluded from pericentromeric heterochromatin and that in other proteins has been shown to correspond to
the catalytic domain of a histone H3 lysine 9 (H3-K9)also from regions that correlate with the location of ma-
jor Giemsa-dark bands. Based on this, we speculate methyltransferase [22, 23]. Recent evidence has shown
that H3-K9 methylation occurs rapidly at the onset ofthat Eed/Enx1 complexes could be a direct target for
recruitment by Xist RNA. random X inactivation, although the enzyme responsible
for this activity is uncharacterized [24–27]. It is interest-Biochemical analysis has higlighted several interac-
tions between Eed/Enx1 complexes and other proteins. ing to consider that in trophectoderm cells this function
could be carried out by Eed/Enx1 complexes.We tested antisera to a number of these proteins:
HDACs 1-3 [16, 17]; YY1 [18, 19]; and Bmi1, HPC1, M33,
and RING1a [13, 16, 20] (the latter group of proteins Experimental Procedures
belongs to a biochemically distinct Polycomb group
Cell Culturecomplex; recent data, however, have demonstrated a
Trophoblast stem (TS) cells were derived from 3.5 dpc blastocyststransient interaction between proteins in this complex
obtained from crosses between (C57B16CBA)F1 females and PGKand the Eed/Enx1 complex early in D. melanogaster
strain males, essentially as described by Tanaka et al. [11]. Xist and
embryogenesis [19]). All antisera detected specific nu- Pgk-1 single-nucleotide primer extension (SnuPE) assay was carried
clear signals, but in no case did we observe inactive X out using cDNA from TS cell lines and primers and conditions as
described previously [9, 10].chromosome specific foci in XX TS cells (data not
shown). While we cannot rule out the possibility that
technical factors preclude detection of these epitopes Immunofluorescence
Characterization of Polycomb group protein antibodies has beenat all sites in our experiments, the results indicate that
described previously [13, 16, 28]. Antibodies for HDAC1-3 and YY1involvement of Eed/Enx1 complexes in X inactivation in
proteins were from Santa Cruz Biotechnology, Inc. Secondary anti-TS cells relies on previously uncharacterized biochemi-
bodies were obtained from Molecular Probes. All antibody dilutionscal interactions.
were carried out in 5% normal goat serum.
Analysis of eed mutant mice indicated that there is TS cells were plated onto glass slides and cultured for 2 days on
no detectable defect in the maintenance of random X conditioned medium. The cells were then washed with PBS, fixed
in 2% paraformaldehyde for 15 min, quenched with 50 mM NH4Clinactivation in the embryo proper [8]. Consistent with
solution for 10 min, and permeabilized with 0.4% Triton X-100 forthis, we have not observed Eed/Enx1 localization on the
5 min (three PBS washes between each step). Cells were then incu-X chromosome in XX somatic cell lines, both primary
bated in blocking solution (0.2% fish gelatin [Sigma] in PBS) for 30and transformed (data not shown). Therefore, utilization
min and primary antibody for 1 hr in a humidified chamber. After
of Eed/Enx1 in X inactivation may be lineage specific. In three consecutive 3 min washes in blocking solution, cells were
addition to trophectoderm cells, imprinted X inactivation incubated for a further 30 min with secondary antibody. The cells
were washed again with blocking solution (three times), once withalso occurs in the extraembryonic primitive endoderm
PBS only, and then mounted in Vectashield antifade (Vector Labora-lineage in mouse [6] and in all tissues of marsupial mam-
tories), containing 4,6-diamidino-2-phenylindole dihydrochloridemals [21]. It will be of interest to determine if Eed/Enx1
(DAPI).complexes are involved in these instances. As imprinted
For RNA FISH, the TS cells were prepared for slides as detailed
X inactivation is thought to represent the evolutionary above. RNA FISH was carried out as previously described [29]. For
progenitor of random X inactivation, a role for Eed/Enx1 high-resolution analysis of metaphase chromosomes, RNA FISH
was performed as described by Duthie et al. [15]. Xist RNA wasPolycomb group proteins would be consistent with their
detected with the DNA plasmid probe pEFB containing a 3 kbhigh degree of evolutionary conservation and involve-
BamH1 fragment from exon 1 labeled with digoxigenin. For immuno-ment in heritable gene silencing. An alternative interpre-
RNA FISH, RNA FISH was performed first, followed by immunostain-tation is that Eed/Enx1 involvement in X inactivation is
ing for Enx1. The cells were permeabilized for 3 min in the Triton
developmentally regulated. The trophectoderm is the X-100/cytoskeletal (CSK) buffer and fixed in 4% paraformaldehyde
first lineage to differentiate, and Eed/Enx1 association for 10 min (all solutions on ice). Hybridization and washes were done
with the inactive X chromosome in TS cells may reflect in the usual way except that wash solutions were heated to 42C.
The Xist probe detection was performed first. Slides were thenthis. Further analysis of Eed/Enx1 in different lineages
washed three times with 4XSSC/0.1% Tween 20 (37C) and incu-during early development will therefore be important.
bated in blocking buffer (4XSSC/0.1% Tween 20/4% BSA) for 30 minThe Polycomb group proteins were initially identified
at 37C in a humidified chamber. Enx1 antibody diluted in detection
in genetic screens to identify factors required for herita- buffer (4XSSC/0.1% Tween 20/1% BSA) was applied and incubated
ble silencing of homeobox genes during development. for 1 hr in a humidified chamber at 37C. The slides were washed
To date, all known members of this group have been three times with 4XSSC/0.1% Tween 20 at 37C and blocked with
5% NGS in detection buffer for 30 min at 37C. The slides were thenshown to be chromatin associated. Heritable silencing
incubated with secondary antibody for a further 30 min. Finally, themust be preserved through both DNA replication during
slides were washed and mounted in DAPI-Vectashield.S phase and also throughout mitosis. This could be
Confocal images were collected using a Leica TCS-Sp1 confocalachieved either directly by continued association of
microscope (63 and 100 oil immersion) and processed with the
Polycomb group proteins during these processes or in- Leica software and Adobe Photoshop. High-resolution metaphase
directly via a histone or DNA modification imposed by chromosome localization was detected with a Photometrics CCD
camera.enzymatic activity of Polycomb group complexes. Our
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